Curative therapy for medulloblastoma and other pediatric embryonal brain tumors has improved, but the outcome still remains poor and current treatment causes long-term complications. Malignant brain tumors infiltrate the healthy brain tissue and, thus despite resection, cells that have already migrated cause rapid tumor regrowth. Heparan sulfate proteoglycans (HSPG), major components of the extracellular matrix (ECM), modulate the activities of a variety of proteins. The major enzyme that degrades HS, heparanase (HPSE), is an important regulator of the ECM. Here, we report that the levels of HPSE in pediatric brain tumors are higher than in healthy brain tissue and that treatment of pediatric brain tumor cells with HPSE stimulated their growth. In addition, the latent, 65 kDa form of HPSE (that requires intracellular enzymatic processing for activation) enhanced cell viability and rapidly activated the ERK and AKT signaling pathways, before enzymatically active HPSE was detected. The HPSE inhibitor PG545 efficiently killed pediatric brain tumor cells, but not normal human astrocytes, and this compound also reduced tumor cell invasion in vitro and potently reduced the size of flank tumors in vivo. Our findings indicate that HPSE in malignant brain tumors affects both the tumor cells themselves and their ECM. In conclusion, HPSE plays a substantial role in childhood brain tumors, by contributing to tumor aggressiveness and thereby represents a potential therapeutic target. Mol Cancer Ther; 16(8); 1-12. Ó2017 AACR.
Introduction
Aggressive childhood medulloblastomas and central nervous system (CNS) embryonal tumors [CNS-ET, previously referred to as supratentorial primitive neuroectodermal tumors (sPNET)] arise from undifferentiated, or poorly differentiated neural cells, which may display divergent differentiation along the neuronal and astrocytic lineages (1) . Medulloblastomas originate in the cerebellum, whereas CNS-ETs develop above the tentorium and are distributed in the frontal, temporal, and parietal lobes (2) . Despite certain histologic similarities, CNS-ETs are less common, but more aggressive than medulloblastomas, with a poorer survival rate (1) . New classification reveals that CNS-ETs are molecularly highly heterogeneous, some sharing characteristics with already classified entities, and the remainder being distinguishable as four molecular and morphological variants (3) .
Medulloblastoma and CNS-ETs are invasive, spreading to other regions of the brain and spinal cord, but more seldomly outside the CNS. Standard treatment consists of surgery, radiation, and chemotherapy, with the outcome depending on the characteristics of the tumor subgroup (1) . Complete resection is often not possible and remaining tumor cells rapidly invade and form new tumors in the same or adjacent regions. Recurrence, which often occurs concomitantly with metastasis, leads to more aggressive phenotypes. Moreover, chemo-radiotherapies can render cancer cells more aggressive and invasive, for example, by activating various metalloproteases (MMP), such as MMP-9 (4). Consequently, greater understanding of the mechanisms underlying invasion by pediatric tumors, and specific effective novel therapies are required.
Invasion by cancer cells is influenced by the microenvironment, including components of the extracellular matrix (ECM) such as heparan sulfate proteoglycans (HSPG) composed of a core protein with attached HS chains and ubiquitously associated with the cell surface, as secreted entities in the ECM or in intracellular secretory vesicles. We, and others have shown that these major components of the brain ECM are altered in brain tumors (5) (6) (7) . A multitude of growth factors, chemokines, and morphogens bind to HPSGs, regulating biological processes and modulating the adhesion and spread of tumor cells. Accordingly, enzymes that degrade ECM influence ligand availability and can thereby alter cell motility. Heparanase (HPSE), the main such enzyme, is an endo-b-D-glucuronidase that cleaves HS at specific sites, into 5 to 7 kDa size fragments (8) and has been correlated to the tumorigenic and metastatic capacity of several cancers and to significantly reduce postoperative survival (9) (10) (11) .
Here, we show that HPSE is highly expressed in pediatric brain tumors, but low or negligible in normal brain tissue. Treatment with HPSE of pediatric brain tumor cells derived from patients enhanced proliferative pathways and, conversely inhibition of HPSE suppressed tumor cell growth, migration, and invasion in vitro. Furthermore, blocking HPSE activity reduced proliferation of xenografted PNET and medulloblastoma with no obvious adverse side effects. We therefore conclude that inhibition of HPSE efficiently suppresses growth and dissemination of pediatric brain tumors cells.
Materials and Methods
Tissue microarrays and pediatric patient samples Human brain tumor tissue was obtained in accordance with an ethically reviewed and approved protocol. Written informed consent was received from participants prior to inclusion in the study. Tissue microarray (TMA) analysis was performed on duplicate paraffin-embedded core samples (1 mm in diameter) from CNS-ETs (10 cases), medulloblastomas (8 cases), or normal brain tissue (n ¼ 8). The slides were deparaffinized in xylene, rehydrated and boiled in epitope-retrieval buffer (DAKO). Using the autostainer 480 instrument (Lab Vision), IHC staining with rabbit anti-human HPSE antibodies (ab733) was performed overnight at 4 C with 3,3 0 -diaminobenzidine (DAB) as substrate. The slides were counterstained with hematoxylin and mounted. Scanning, visualization, and quantification were done using the Scan-Scope XT system and software (Aperio Technologies). Surgical specimens of brain tumor tissue from two CNS-ETs and two medulloblastoma cases were lysed using TissueLyser II (Qiagen) following the manufacturer's protocol. The lysates were processed further for Western blotting. Human fetal cerebellum (GTX22662; GeneTex) was used as control.
Cell culture
The supratentorial primitive neuroectodermal PNET tumor cell line (PFSK-1; ref. 2), D324 Med, and D283 Med medulloblastoma cell lines (12) were kindly provided by Prof. D. Bigner (Duke University Medical Center, Durham, NC) and Chinese Hamster Ovary cell lines, stably transfected either with a cDNA vector encoding the 50 kDa active form of HPSE or the empty vector were cultured as described previously (13) . For serum starvation, the cells were maintained in medium without serum for 24 hours. Normal human primary astrocytes (3H Biomedical) were cultured on plates coated with poly-L-lysine (0.02 mg/mL) in astrocyte medium supplemented with 2% FBS, 5% penicillin/streptomycin and astrocyte growth supplement (3H Biomedical). The astrocytes were used for experiments no longer than two passages. All cell lines were tested negative for mycoplasma infection using the MycoAlert Mycoplasma Detection Kit (Lonza). For collagen invasion assay, PFSK-1 and D324 Med cells were cultured in a neural stem cell media to allow the formation of tumor spheres (14) .
Western blotting and antibodies
After collection of the cells, homogenization in RIPA buffer (7) , and storage on ice for 30 minutes, the cell supernatant was obtained by centrifugation at 13,000 rpm for 20 minutes at 4 C, and protein concentration measured using the BCA Kit (Roche). The protein was subjected to NuPAGE Bis-Tris on precast gels and then transferred to a nitrocellulose membrane (iBlot transfer stack; Invitrogen). For immunoblotting, the following primary antibodies were used: rabbit anti-human HPSE polyclonal ab1453 and ab733 (15) , rabbit polyclonal (IgG), anti-human (LS-B2441) antibodies (LifeSpan Biosciences); antibodies against phosphorylated-p44/42 and total 44/42 MAPK (Erk1/2), phosphorylated Akt (pSer473) and total Akt, phosphorylated Src (Tyr416) and total Src, phosphorylated FAK (pTyr397) and total FAK (Cell Signaling Technology), and anti-b-actin mAb (Clone AC-15; Sigma-Aldrich). Incubation was followed by horseradish peroxidase-conjugated antimouse or anti-rabbit IgG (GE Healthcare).
Treatment with HPSE
For treatment with enzymatically active HPSE, conditioned medium (CM) from either CHO-HPSE or CHO-Vo cells (24-hour conditioning period) was passed through a 0.2-mm polyethersulfone (PES) syringe filter (VWR) and combined with serum-free fresh medium in a ratio of 3: 1 before adding to cell cultures. For recombinant HPSE (rHPSE) treatment, one dose of 1 mg/mL of purified 65-kDa recombinant HPSE (15, 16) was added in fresh medium, and cell counting was performed at timepoints 0, 24, and 72 hours by a Countess Automated Cell Counter (Invitrogen). To evaluate signaling pathways, fresh serum-free medium containing 1 mg/mL rHPSE was added to the cells after 24 hours of serum starvation and lysates were collected at 0, 10, and 30 minutes, and 1, 4, and 24 hours after addition of HPSE for Western blotting.
Lentiviral construction and stable transduction
Short hairpin DNA oligomers targeting HPSE ( 423 GGAAT-CAACCTTTGAAGAG 441 ) or nontargeting oligomers (7) were purchased from Sigma and cloned into the pBMN (CMV-G2L2P; ref. 17) vector containing reporter genes for GFP and luciferase (Luc2) and the gene for the puromycin resistance to allow selection. Lentivirus vectors, in which the expression of these genes was under control of the consecutive H1 promoter, were propagated essentially as described previously (17) . A total of 100,000 cells were plated onto six-well plates, incubated for 24 hours at 37 C under 5% CO 2 , placed in fresh medium containing 6 mg/mL sequabrene (polybrene-hexadimethrine bromide; SIG-MA) followed by the addition of 2 to 15 mL lentiviral particles for an additional 24 hours. The medium was replaced with routine medium for 48 hours, after which medium containing 1 mg/mL puromycin was added for selection.
RNA preparation and qPCR
Total RNA was extracted using the RNeasy Mini Kit (Qiagen), in accordance with the manufacturer's protocol. cDNA was prepared employing the iScript c DNA Synthesis Kit (Bio-Rad) and the cDNA templates diluted three times for performance of qPCR reactions with SsoFast Evagreen supermixes (Bio-Rad). The levels of HPSE and HPRT-1 mRNA were quantified with the following primers: HPSE: Forward CGGCTAAGATGCTGAAGAGC Reverse TGATGCCATGTAACTGAATCAA, HPRT-1: Forward GACCAGTC-AACAGGGGACAT Reverse GTCAATTATATCTTCCACAATCAAG.
Indirect immunofluorescent staining of fixed cells
Cells fixed with 4% paraformaldehyde for 15 minutes at room temperature and washed in PBS three times for 5 minutes were permeabilized and treated for 1 hour with blocking/permeabilization buffer containing 5% normal goat serum (NGS) and 0.1% to 0.3% Triton-X 100 in PBS and stained with primary rabbit anti-human HPSE (#733) antibodies overnight at 4 C. Cells were washed as above in PBS; incubated with the secondary antibody Alexa Fluor 555-conjugated donkey anti-mouse IgG diluted in PBS 1:200 (Invitrogen) for 1 hour at room temperature and their nuclei stained with Hoechst 33342, trihydrochloride (1:5,000; Life Technologies) for 10 minutes. For staining of F-actin filaments, adherent cells were incubated with Alexa Fluor 568 Phalloidin diluted 1:1,000 (Life Technologies) for 1 hour at room temperature. The coverslips were mounted using fluorescent mounting medium (DAKO) and staining visualized with Zeiss AxioImager M2 fluorescence microscope (Carl Zeiss).
Effect of PG545 on tumor formation in vivo
PFSK-1 and D-283 Med cells (3 Â 10 6 cells/100 mL) were injected subcutaneously into the flanks of 8-to 10-week-old NOD-SCID mice and tumor size measured 1, 7, 9, 11, 14, 16, 18, 21 , and 23 days later, using a Vernier caliper. When the tumors reached a size of 100 mm 3 , PG545 (18), an inhibitor of HPSE (Zucero Therapeutics), was injected intraperitoneally at a dose of 20 mg/kg/week and tumor volume was calculated using the ellipsoid formula: (width 2 Â length) Â 1 / 2 . The mice were killed when the tumor volume reached 1 cm 3 , the tumors weighted, visualized, stained, and photographed with a Zeiss Axio Imager microscope (Carl Zeiss). All animal experiments were preapproved by the local Ethics Committee for Laboratory Animals in accordance with Swedish legislation.
Intracranial tumor growth, PG545 treatment, and bioluminescent imaging
Using a Hamilton syringe, 1 mL of Gl261/GFP/Luc cells (10 4 cells/mL) was injected stereotactically (1 mm anterior to the bregma, 1.5 mm from the mid-line, and 2.5 mm below the cranial surface) into the brains of NOD-SCID mice and the animals were monitored carefully for signs of tumor for 6 days. Beginning on the seventh day, PG545 (Zucero Therapeutics) was administered intraperitoneally at 20 mg/kg, three times during a period of 12 days. For imaging in vivo, 5 mice in each group were anesthetized 8, 48, and 96 hours posttreatment and injected intraperitoneally with luciferin (150 mg/kg), and the intensity of the optical signal detected with an IVIS-CCD camera system (Xenogen) and analyzed with Living Image 2.20 software (Xenogen). Blood, liver, and brain tissues were collected and liver and brain lysates were prepared by using TissueLyser II (Qiagen) according to the manufacturer's protocol. The plasma levels of PG545 was determined by pharmacokinetic sampling/analysis and liver/brain lysates on an API3200 LC-MS/MS, Applied Biosystems, preceded by a Spark Symbiosis Direct On-line Solid Phase Extraction system (19) . All animal experiments were pre-approved by the local Ethics Committee for Laboratory Animals in accordance with Swedish legislation.
Indirect immunofluorescent staining of tissue sections
Paraffin-embedded tissue sections were prepared as described (20) . The primary antibodies and their dilutions were as follows: anti-mouse CD31 (PECAM-1/Endothelial Cell Marker) rat mAb (1:200 dilution in PBS; Dianova), cleaved caspase-3 (CC3; p-Asp175; 1:100; Cell Signaling Technology), and mouse antihuman Ki-67 antigen mAb (Clone MIB-1; 1:100; DAKO). Ki-67 and CC3 positive cells in tissue sections were scored by the ImageJ Software. As a verification of the automated counting, manual counting of positive nuclei was also performed in a subset of the samples. We found that these two counting methods gave the same result and therefore the figures were based on the Image J results. The threshold for negative staining was placed based on the DAPI color of the nuclei, thus blue nuclei were counted as negative. All other stained nuclei were counted as positive, irrespective of staining intensity. CC3 was determined by nuclear presence. CC3 was found mostly in the nucleus, with an additional few cells per slide displaying weak cytoplasmic presence, but quantification was done solely on the CC3 nuclear staining. For both of these stainings, we analyzed seven images per slide, and in total five tumors per condition.
Collagen invasion assay
Cell spheres were formed in ultra-low attachment plates. Culture media, 0.1 mol/L NaOH, 1 mol/L HEPES, 7.5% sodium bicarbonate and collagen (PureCol; Inamed Biomaterials) were mixed thoroughly following the manufacturer's protocol. Spheres (150-200 mm) were collected individually under a microscope and placed onto collagen using a 100 mL pipette. Finally, gel was added and photographs taken 0, 24, and 48 hours later with a Nikon Eclipse TS 100 microscope (Nikon) and a ZEISS 710 NLO confocal microscope (Carl Zeiss) for two-and three-dimensional visualization, respectively. For PG545 treatment, the inhibitor was added at a final concentration of 50 mg/mL in the complete collagen mixture.
Flow cytometric analysis
For analysis of apoptosis, cells in ice-cold PBS were treated either with 50 mg/mL PG545 or PBS as a negative control or 1 mmol/L staurosporin as a positive control, resuspended in Annexin V binding buffer (10 mmol/L HEPES, 140 mmol/L NaCl, and 2.5 mmol/L CaCl 2 , pH 7.4), and stained with Annexin V, Alexa Fluor 647 conjugate (Invitrogen) following the manufacturer's protocol. For sorting, cells expressing GFP were selected with the BD AriaIII Cellsorter (BD Biosciences).
Statistical analyses
The data presented are means AE SE, unless otherwise specified in the figure legends. Student unpaired t test was used to compare groups. Comparisons of all groups were performed by one-way ANOVA with post hoc multiple comparisons. All statistical analyses were performed using the Prism version 6.0 Software (GraphPad).
Results
The levels of HPSE in pediatric brain tumors and tumor cell lines are higher than in the normal brain Immunohistochemical staining of brain tumor tissue samples of a previously described cohort (21) of CNS-ETs and medulloblastomas revealed higher levels of HPSE than in nonmalignant grey and white matter ( Fig. 1A) both in the tumor cells and in the neuropil. Automated quantification revealed the proportion of negative, weak, intermediate, or strong intensity of HPSE staining (Fig. 1B) . Medulloblastoma and CNS-ET tumors showed strong positive staining, and to a slighter extent also intermediate staining, but very few areas were classified as negative or weak. Control samples were mostly denoted intermediate, but also showed few areas that were classified as strong. Furthermore, the quantification of negative and weak areas was more prominent in nontumor tissue than in the medulloblastoma and CNS-ET tissue cores. Moreover, Western blot analysis revealed higher expression of HPSE in two medulloblastoma and two CNS-ET cases, compared to fetal cerebellum (Fig. 1C) . Analogously, PNET (PFSK-1) and medulloblastoma (D324MB and D283MB) cell lines all displayed greater HPSE immunoreactivity than normal human astrocytes (Fig. 1D ). HPSE staining is prominent in the cell nuclei and in perinuclar cytoplasmic granules. Furthermore, Western blotting in lysates from tumor cells readily detected the enzymatically active 50 kDa form, and the latent 65 kDa form of HPSE, whereas normal fetal cerebellum exhibited weaker expression and cultured astrocytes were almost devoid of HPSE (Fig. 1E) .
HPSE enhances tumor cell growth
To test whether HPSE can stimulate cell growth, we applied HPSE in two different manners. Either, CM from CHO cells engineered to overexpress enzymatically active 50 kDa HPSE or recombinant, latent 65 kDa HPSE that requires proteolytic cleavage for activation (22) was added to PFSK-1, D283, and D324 cultures. All displayed an increased viable cell count 3 days after treatment with CM ( Fig. 2A) . The recombinant HPSE led to a small, but significant increase of PFSK-1 and D283 cells over control, with no such effect on D324 cells (Fig. 2B ). Hence, exogenous HPSE stimulates tumor cell proliferation, with a more pronounced effect when added as an active form than the pure latent recombinant protein.
HPSE activates the ERK and AKT signaling pathways
To investigate the effect of HPSE on major intracellular signaling pathways associated with proliferation and survival, phosphorylation of ERK and AKT in PNET and medulloblastoma cells treated with rHPSE was examined applying Western blotting. Processing of 65 kDa rHPSE to the 50 kDa form in all the three cell lines was observed after 4 hours, and in PFSK cells to a slight extent even after 1 hour (Fig. 2C, top) . With all three cell lines, activation of both ERK and AKT occurred well before processing of HPSE (Fig. 2C ). In the case of PFSK-1 and D283 cells, phosphorylation of ERK was detected rapidly after addition of rHPSE and had diminished after 4 hours. In D324 cells, however, an initial ERK activation after 10 minutes was followed by a decline until the end of the experiment (Fig. 2C and D). Regarding AKT activation, PFSK-1 and D283 cells responded with similar rapid kinetics, whereas no obvious activation occurred in the D324 cells ( Fig. 2C and E) . Clearly, HPSE activated the ERK and AKT pathways rapidly in a manner independent of its enzymatic activity.
Downregulation of HPSE by shRNA attenuates the invasive behavior of PFSK-1 and D324 cells in a manner associated with reduced focal adhesion kinase
Because HS degradation has been implicated in tumor metastasis, a lentivirus shRNA construct was used to reduce the levels of HPSE mRNA by 80% in PFSK and 70% in D324 as verified by qPCR (Fig. 3A) . This decreased the area invaded by the cells in a collagen invasion assay by 80% for PFSK-1 and 50% for D324 cells (Fig. 3B and C) . Downregulation of HPSE resulted also in attenuated activation of focal adhesion kinase (FAK) in both cell lines (Fig. 3D) .
Treatment with the HPSE inhibitor PG545 reduces cell growth in vitro and promotes cell death
The involvement of HPSE in PNET and medulloblastoma cell proliferation, invasion, and migration was explored in more detail using PG545, a clinically relevant inhibitor of HPSE (23) (24) (25) . Proliferation of PFSK-1, D283, and D324 cells, and human primary astrocytes was assessed by the Alamar blue reduction assay. PG545 reduced the growth of PFSK and D283 cells potently in a dose-dependent manner (Fig. 4A ), whereas D324 cells were more resistant, with only the highest concentration significantly inhibiting growth, in line with the less pronounced effect of HPSE in these cells (Fig. 2) . The growth of primary human astrocytes was not affected by PG545 (Fig. 4A) . When PFSK or D283 cells were exposed to CM from cells producing the active form of HPSE, or CM from control cells, simultaneously with PG545, we found that the highest concentration of PG545 reduced cell viability extensively and the CM containing enzymatically active HPSE was not able to counteract this effect ( Supplementary Fig. S1A ). At a lower concentration of PG545, however, survival was the same for cells treated with PG545 alone, or in combination with CM. Thus, in the presence of PG545, CM with enzymatically active HPSE could not achieve a growth enhancement by HPSE, as that seen in Fig. 2A .
After 48 hours of treatment with PG545, PFSK-1, D283, and D324 cells displayed induction of apoptosis with 63.7%, 35%, and 37.3% Annexin V-positive cells, respectively (Fig. 4B) . Thus, apoptotic cell death explains a large proportion of the reduction in cell number caused by PG545. However, in cells that had their HPSE mRNA levels reduced by shRNA against HPSE, we did not detect higher levels of apoptosis (Supplementary Fig. S1B ).
Effect of HPSE inhibition on phosphorylation of ERK and AKT
In light of our observations that PG545 reduces cell number and promotes apoptosis, we next investigated the potential influence of this inhibitor on the ERK and AKT signal transduction pathways. Cultures of PFSK-1, D283, and D324 cells were serum starved for 24 hours and then exposed to medium supplemented with 2% FBS with or without PG545, and cell lysates subjected to Western blotting. ERK phosphorylation in PFSK-1 and D324 cells was reduced by PG545, but, inversely, in the case of D283 cells ( Fig. 4C; Supplementary Fig. S2A ), after an initial reduction, this phosphorylation was elevated following 6 and 24 hours of exposure. At the same time, AKT activation was attenuated by PG545 in all three cell lines at all time-points. HPSE levels were not altered during treatment with PG545 ( Supplementary  Fig. S2C) .
When instead the concentration of PG545 was varied and the cells harvested for Western blotting after 20 hours, only the highest dose (50 mg/mL) stimulated ERK phosphorylation in D283 cells above the control level ( Supplementary Fig. S2B ). Because the overall effect of this high concentration of the HPSE inhibitor was a dramatic reduction in D283 cell number (Fig. 4A ), we conclude that in this case any putative growth-stimulatory effect of ERK phosphorylation was less potent than cell death mechanisms.
PG545 attenuates migration and invasion of PFSK-1 cells
Previous studies implicating HPSE in the motility and dissemination of tumor cells (8, 26) have been performed primarily in models of metastatic cancer, whereas local invasion of pediatric brain tumor cells has not yet been linked to HS degradation. A scratch assay revealed that PG545 attenuated the capacity of PFSK-1 cells to cover the scratched area (Fig. 5A) . Moreover, 3D visualization of a collagen gel invasion assay also showed a significant reduction in invasiveness (Fig. 5B) . Western blotting analysis of phosphorylated SRC (Tyr4167; Fig. 5C ) and FAK (Tyr397; Fig. 5D ) demonstrated that activation of both factors was blocked by PG545 in a dose-dependent manner.
PG545 inhibits the growth of tumors produced in vivo by PFSK-1 or D283 cells
Because PG545 was found not to pass the blood-brain barrier ( Supplementary Fig. S3A ), PFSK-1 and D283 cells were injected subcutaneously into the flanks of NOD-SCID mice and after tumors had formed, PG545 was injected intraperitoneally and the tumor size subsequently monitored. The growth of both PFSK-1 and D283 tumors was slower already after 3 days of PG545 treatment (Fig. 6A) , by the end of the experiment there was a marked reduction in tumor volume (85.3% and 88.6%, respectively) and weight (3-and 5-fold, respectively; Supplementary Fig.  S3B ). Repeated administration of PG545 for 14 days did not cause any overt side effects such as weight loss of the mice (Supplementary Fig. S3C ).
Inhibition of HPSE attenuated the proliferation and promoted apoptosis of tumor cells in vivo
To investigate the mechanism(s) by which PG545 acts on tumor cells in further detail, histologic sections were stained for Treatment with the HPSE inhibitor PG545 reduces cell growth in vitro, promotes cell death, and alters the ERK and AKT signaling pathways. A, Alamar blue reduction by PFSK-1, D324, and D283 cells and human normal astrocytes (NHA) was monitored for 5 days in the presence of PG545 (n ¼ 3, ÃÃ , P < 0.01; ÃÃÃ , P < 0.001). Analysis of the growth curves at different time-points and doses was done by two-way ANOVA and the PG545 and vehicle-treated values were compared employing a two-tailed unpaired t test. B, Flow cytometric histograms of Annexin V labeling of PFSK-1, D324, and D283 cells treated with 50 mg/mL PG545, PBS (as negative control) or 1 mmol/L staurosporin (sts) as positive control for 48 hours. The quantification graphs depict the percentages of Annexin-V positive cells (n ¼ 3, Ã , P < 0.05; ÃÃ , P < 0.01; ÃÃÃ , P < 0.001) as determined by two-way ANOVA analysis. C, Quantification of Western blots of ERK and AKT activation normalized to the total amount of each protein in serum-stimulated PFSK-1, D324, and D283 cells treated with PG545 (50 mg/mL) or PBS (ctrl). Ki-67 to assess cell proliferation in xenograft tumors. The number of positive cells was reduced approximately 50% by PG545 in both types of tumors ( Fig. 6B ), consistent with our in vitro findings that inhibition of HPSE induces cell death (Fig. 4B ). The number of cells stained for CC3, a marker for apoptosis, rose 10-fold in PFSK-1 and 5-fold in D283 tumors upon treatment with PG545 ( Fig. 6C ).
PG545 inhibits vascularization in pediatric brain tumor xenografts
When tumor vessels were immuno-stained for CD31, the total area stained relative to the area of all cell nuclei stained blue by DAPI fell seven-and nine-fold in PFSK-1 and D283 tumors in response to treatment with PG545, respectively (Fig. 6D , top bar graphs). PG545 reduced the average vessel diameter four-and sixfold in PFSK-1 and D283 tumors, respectively (Fig. 6D , bottom bar graphs). Clearly, PG545 inhibits tumor neovascularization. Moreover, histologic examination revealed less bleeding in PG545-treated tumors, suggesting vessel normalization (Supplementary Fig. S3D ).
Discussion
Several malignant brain tumors, including medulloblastomas and other pediatric embryonal tumors, are invasive and thereby particularly aggressive, but no current clinical treatments specifically and effectively target the brain tumor microenvironment. We report here that HPSE is associated with concomitant activation of mitogenic and survival signaling pathways, by stimulating PG545 inhibits tumor growth, promotes apoptosis, and reduces tumor vascularization in vivo. A, Growth of subcutaneous PFSK-1 and D283 tumors in mice treated by intraperitoneal administration of PG545 (grey line) or vehicle (PBS; black line; n ¼ 11 mice/group; Ã , P < 0.05; ÃÃ , P < 0.01; ÃÃÃ , P < 0.001). By day 14, tumor growth inhibition (TGI) was 85.3% and 88.6%, respectively. B, Staining of tumors for Ki-67 with quantification bar graphs shown on the right. ÃÃ , P < 0.01. C, Staining for CC3 with quantification graphs are shown on the right. ÃÃ , P < 0.01; ÃÃÃ , P < 0.001. D, Staining for CD31 reveals reduced vascularization of PG545-treated tumors. Quantification of the diameter of CD31 positive vessels and total area per cell staining for CD31 are displayed on the right (n ¼ 5 tumors/group; Ã , P < 0.05; ÃÃ , P < 0.01; ÃÃÃ , P < 0.001). Scale bar ¼ 100 mm. the growth and invasion of pediatric brain tumor cells both in vitro and in vivo.
Although, the importance of HSPGs has been emphasized in several studies concerning cancer and regeneration (11, (27) (28) (29) (30) (31) (32) , their role in connection with pediatric brain tumors remains poorly understood. Our present findings that the level of HPSE is elevated in cases of medulloblastoma and CNSembryonal tumors in comparison to normal white and gray matter and cultured astrocytes, indicate that this enzyme could be a specific drug target. Our own recent results suggest that specific degradation of matrix HS contributes to the progression of glioma (7) and here we establish that pediatric tumor cells might circumvent regulatory circuits by upregulating HPSE.
Cleavage of the HS side chains of HSPGs by HPSE activity or some function of the latent form of HPSE (22) has been correlated to metastasis by cancer cells (33) but usually not directly correlated to cell proliferation. Nonetheless, it is well established that HSPGs act as co-receptors for growth factors and cytokines and potentiate their activation (34) . Although HPSE stimulates tumor growth in a variety of systems, there is little evidence to date that this enzyme is mitogenic, although we recently reported such an effect on adult brain tumor cells (7) .
It is becoming increasingly clear that in addition to its enzymatic activity, HPSE has nonenzymatic functions (16, 35) that are still incompletely understood. The notion that latent HPSE activates ERK in multiple myeloma (36) is in agreement with our finding that rapid activation of both the ERK and AKT signaling pathways in tumor cells occurred well before proteolytic processing of pro-HPSE to its active, 50 kDa form.
We also observed that downregulation of HPSE expression by shRNA blocks the invasion of tumor cells into a model collagen matrix. In light of the great abundance of proteoglycans in brain ECM, this suggests that inhibition of HPSE could diminish the matrix remodeling that favors invasion by medulloblastoma and PNET cells. Indeed, tumor cell invasiveness is also reduced after knockdown of HPSE in myeloma and melanoma cells (37, 38) and as shown here, lowering HPSE levels attenuates phosphorylation of FAK, a key regulator of cancer cell invasion. FAK has previously been shown to be a downstream target of HPSE (16, 39) , but to our knowledge we provide the first demonstration of the involvement of the HPSE-FAK axis in invasion by brain cancer cells.
Having shown that HPSE plays a role in the growth of pediatric brain tumor cells, activation of intracellular signaling pathways and cell invasion, we reasoned that because cancer cells lose their tumorigenic/metastatic abilities following HPSE gene silencing (25) , it might be therapeutically beneficial to block HPSE activity with the clinically relevant HPSE inhibitor PG545 (25) . PG545 efficiently reduced tumor cell numbers in a dose-dependent manner, largely by decreasing proliferation and promoting apoptosis, without affecting primary human astrocytes, even at the highest concentrations tested. In line with this, the AKT signal transduction pathway that promotes survival was decreased upon PG545 treatment of all the tumor cell lines. Because progression of these types of tumor involves local invasion and the migrating cancer cells often evade current chemotherapies, it was encouraging to find that matrix degradation and cell spread were also blocked by PG545, with a concomitant reduction in the phosphorylation of FAK and SRC, critical mediators of tumor cell invasion (40) (41) (42) .
PG545 inhibits growth and metastasis in several models of solid cancer including pancreatic, lung, hepatocellular, colon, melanoma, and head/neck tumors (19, 24) . Importantly, here PG545 inhibited the growth of xenografted PFSK and D283 tumors in mice by 85% to 88%, that is, more than in the case of breast carcinoma (50% TGI; ref. 23 ) and GBM (59% to 69% TGI; ref. 7) , and the reduction we observed was correlated with significant antiproliferative, anti-angiogenic, and pro-apoptotic properties. Moreover, PG545 was well tolerated, with no loss of body weight during the 12 days of treatment, suggesting that targeting HPSE should not cause overt adverse side effects.
Although PG545 efficiently penetrates into solid tumors (19) , its capacity to cross the blood-brain barrier had not previously been investigated. Because of its size (2363.8 kDa) our finding that this inhibitor failed to pass the BBB was not surprising. This means, however, that treating brain tumors with PG545 to block HPSE will require direct injections into the brain, or intrathecal administration to the cerebrospinal fluid. Regardless of these challenges, we propose that targeting HPSE should be evaluated further as a novel treatment for malignant pediatric brain tumors, such as medulloblastoma and other embryonal tumors. 
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